Background: To investigate the effects of exercise preconditioning on oxidative injury in the intestinal tissue of rats. Methods: Sixty male Wistar rats were randomly divided into six groups as sham (n = 10), ischemia-reperfusion (n = 10), exercise (n = 10), exercise plus ischemia-reperfusion (n = 10), ischemic preconditioning (n = 10), and ischemic preconditioning plus ischemia-reperfusion groups (n = 10). Tissue levels of malondialdehyde and activities of myeloperoxidase and superoxide dismutase, and serum levels of tumor necrosis factor-alpha and interleukin-6 were measured. Intestinal tissue histopathology was also evaluated by light microscopy. Results: Tumor necrosis factor-alpha concentrations signifi cantly decreased in the exercise group compared to the sham group (p < 0.05). Myeloperoxidase activity signifi cantly increased and superoxide dismutase activity signifi cantly decreased in ischemia-reperfusion group compared to the sham group (p < 0.05). Superoxide dismutase activity in the ischemic preconditioning and ischemic preconditioning plus ischemia-reperfusion groups were signifi cantly higher compared to the ischemia-reperfusion and exercise groups (p < 0.05). Histopathologically, intestinal injury signifi cantly attenuated in the exercise plus ischemia-reperfusion group compared to the ischemia-reperfusion group.
Intestinal ischemia-reperfusion (I/R) injury is a serious condition caused by surgical interventions such as abdominal aortic surgery and transplantation of intestine or conditions such as necrotizing enterocolitis, intestinal mesenteric vascular ischemia, septic shock and severe trauma (1) . I/R leads to the release of reactive nitrogen and oxygen species such as superoxide anion, hydroxyl radical, hydrogen peroxide and peroxynitrite (2) . It is well known that lipid peroxidation due to reactive oxygen species is an important factor leading to damage of intestinal I/R (3). In addition, ischemia induced by intestinal damage worsens as a result of oxygen re-input occurring during reperfusion of the ischemic tissue (4, 5 ) . Paradoxically, re-sustaining the blood fl ow causes greater damage, i.e. reperfusion injury. Many components of the cells are exposed to free radical attack in a large number of clinical conditions including I/R, and it is known that toxic oxygen metabolites are the most common etiologic factors of tissue damage (6) . Intestinal I/R also activates the neutrophils. Activated neutrophils increase ischemic damage causing a release of proteolytic enzymes and cytotoxic free radicals (7) . It is believed that proinfl ammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin (IL) -6, IL-1 and oxygen-derived free radicals are important mediators during intestinal I/R (8) .
In general, regular physical activity decreases the incidence of stroke and risk factors for cardiovascular disease such as insulin resistance, obesity, hypercholesterolemia, and hypertension (9) (10) (11) (12) . It has been observed that endurance exercise causes an increase in ventricular antioxidant levels and decrease in lipid peroxidation, and protects myocardium against myocardial I/R injury in rats (13, 14) . Taken together, these changes reinforce myocardial protection against damage by I/R. The effects of physical activity on gastrointestinal organs are interesting. Moderate exercise may reduce the risk of colon cancer and formation of cholelithiasis, and speed up the passage through colon which may be part of the treatment of constipation and reduction of occurrence of colonic diverticular disease, whereas heavy exercise leads to the observation of symptoms such as gastrointestinal abnormalities, diarrhea, vomiting, abdominal pain and nausea (15) . Reduction in blood fl ow toward splanchnic organs during exercise has been suggested as the reason for these complications (16) . Rowel et al (17) showed that the blood fl ow of splanchnic organs in human beings is reduced during exercise (% 70 VO 2max ). Thereafter, Qamar and Read (18) documented a reduction in intestinal blood fl ow during exercise where each patient walked for 15 min at 5 km/h up a 20%-inclined platform. Also this effect of exercise has been demonstrated by Musch et al in dogs (19) and old rats (20) . Short periods of ischemia can induce tolerance to subsequent long-term I/R. This phenomenon is termed as ischemic preconditioning (IPC). A question arises as to whether gastrointestinal ischemia occuring during exercise may be a model of ischemic-preconditioning for subsequent long-term ischemia.
The aim of the present study was to investigate the protective effects of exercise preconditioning against intestinal I/R injury in a rat model.
Materials and methods
Four-month-old male Wistar-Albino rats were used in this study. The weights of the animals ranged between 280 and 300 g. Animals were housed at constant temperature (20-22 °C) and humidity (50-60 %) under a 12-h light/12-h dark cycle. During the experiment, each rat had free access to standard food pellets and water. The animals received care according to NIH Guide for The Care and Use of Laboratory Animals, and the study protocol was approved by the Institutional Animal Care and Use Committee.
Animal and groups
Sixty rats were randomly divided into six groups as sham (n = 10), ischemia-reperfusion (I/R) (n = 10), exercise (E) (n = 10), exercise plus ischemia-reperfusion (E+I/R) (n = 10), ischemic preconditioning (IPC) (n = 10), and ischemic preconditioning plus ischemia-reperfusion (IPC+I/R) (n = 10) groups. Rats were exposed to laparotomy without clamping the superior mesenteric artery (SMA) in the sham group. Rats were exposed to laparotomy with occlusion of SMA for 45 min, followed by 120 min of reperfusion period in the I/R group. Rats in the E group were exposed to treadmill exercise (25 m/min, 45 min/day for 4 weeks), and 24 h after the last exercise session, animals were exposed to laparotomy. Rats in the E+I/R group performed treadmill exercise (25 m/min, 45 min/day for 4 weeks) and 24 h after the last exercise session, they were subjected to I/R procedure, as in I/R group. Rats were exposed to laparotomy with clamping of SMA for 10 min followed by 10-min reperfusion in the IPC group. Rats in the IPC+I/R group were exposed to laparotomy with clamping of SMA for 10 min followed by 10 min of reperfusion followed by I/R (as in I/R group).
Exercise training protocol
Animals in the trained groups were exposed to motorized treadmill test (MAY TME 9805 Treadmill Exerciser, Commat Iletisim Ltd., Ankara, Turkey) and preconditioned for a total of fi ve days by forcing them to run at a speed of 10 m x min -1 for 10 min on the fi rst day up to 25 m x min -1 on the fi fth day. After two days of rest, animals in exercise groups were exposed to fi ve sessions of treadmill exercise at speed of 25 m/min -for 45 min x day -1 per week for a total of four weeks on a horizontal (0 % inclination) platform. Trained rats were subjected to I/R or sham procedure 24 h after the last training session.
Surgery
Rats were fasted for 12 hours with free access to water before operation. Animals were anesthetized by intraperitoneal injection of ketamine hydrochloride plus xylazine (50-10 mg/g). The abdomen was opened with a midline incision. The intestinal I/R injury was established by occluding SMA with atraumatic microvascular clip for 45 min followed by 120-min reperfusion. Ischemia was recognized by the lack of pulse or pale color of the intestines. Following induction of ischemia, microvascular clamp was removed and the presence of reperfusion was confi rmed by restoration of pulsation and pinky color prior to closing the incision. Abdomens of sham operated rats were incised without exposing them to I/R injury. SMAs of ischemic preconditioned rats were clamped for 10 min, which was followed by 10 min reperfusion after laparotomy. At the end of the experiment, blood samples were taken with cardiac puncture for the measurement of serum concentrations of TNF-α and IL-6. All animals were sacrifi ced by cervical dislocation. Small intestinal segments were retrieved for the determination of malondialdehyde (MDA) levels, and activities of superoxide dismutase (SOD) and myeloperoxidase (MPO) after sacrifi cation. All samples were immediately frozen and stored at -80°C for biochemical analyses.
Biochemical analysis
All tissues were washed with ice cold saline solution and homogenized in 10 volumes of ice-cold Tris-HCL buffer (50 mmol/L, pH 7.4) using a homogenizer (Wise Mix HG-15; Daihan Scientifi c, Seoul, Korea) after cutting the tissue into small pieces. MDA levels, and MPO and SOD activities were determined in this homogenate. Also some of the homogenate was centrifuged and supernatants were separated. The supernatant solution was extracted with an equal volume of an ethanol/chloroform mixture (5/3, volume per volume [v/v]). After centrifugation at 5000 g for 30 min, the upper layer (ethanol phase) was used in protein assays. The protein content of tissue homogenates was measured by the method of Lowry et al (21) .
Lipid peroxidation in the tissues was assessed by the TBARS method using a commercially available kit according to the manufacturer's instructions and MDA as a standard (TBARS kit; Cayman Chemical Co. Michigan, USA). Absorbance was measured at 530 nm. MDA levels were expressed as nmol/g of wet tissue. Activity of MPO, a marker of tissue leukocyte infi ltration, was determined in intestinal tissues with a colorimetric assay using a rat MPO ELISA kit according to the manufacturer's instructions (Hycult Biotechnology, Uden, Netherlands). MPO activities of the samples were measured at 450 nm (Powewave XS, Biotek, USA), and the concentrations were standardized per amount of protein in tissue. For determination of SOD activity, a commercially available SOD assay kit (Cayman Chemical, Ann Arbor, MI, USA) was used. The kit utilizes tetrazolium salt for the detection of superoxide radicals generated by xanthine oxidase and hypoxanthine. The reactions were initiated by adding xanthine oxidase to the test solution, and incubating it for 20 min at room temperature. Afterwards absorbance was read at 450 nm. One unit of SOD activity was defi ned as the amount of enzyme needed to inhibit 50% dismutation of the superoxide radical. Data were expressed as U/mg protein.
Serum samples were assayed for proinfl ammatory cytokine levels (IL-6 and TNF-α) using an enzyme-linked immunosorbent assay (ELISA). Cytokine assays were performed as described by the manufacturer's protocol (Bender Med systems Diagnostics, Vienna, Austria). The relationship between optical density and cytokine concentrations was defi ned using the standard curve according to the manufacturer's instructions. IL-6 and TNF-α levels are expressed as pg/ml.
Histopathological analysis
A section of distal ileum from all rats was removed and fi xed in 10 % formalin solution. Afterwards the samples were embedded in paraffi n and cut into 5-μm sections. Paraffi n sections were then stained with hematoxylin and eosin (HE). Tissue injury in the intestinal mucosa was evaluated under a light microscope according to the criteria described by Chiu et al (22) and graded from 0 to 8 (0 = normal mucosa; 1 = subepithelial Gruenhagens space, capillary congestion; 2 = extension of the subepithelial space with moderate lifting of the epithelial layer from lamina propria; 3 = massive epithelial lifting down the sides of villi, few tips denuded; 4 = denuded villi with lamina propria, dilated capillaries exposed; 5 = digestion and disintegration of lamina propria, hemorrhage, ulceration; 6 = cyrpt layer injury hemorrhage; 7 = transmucosal infarction; 8 = transmural infarction).
Statistical analysis
Data analysis was performed by using SPSS for Windows, version 11.5 (SPSS Inc., Chicago, IL, US). All results are presented as means ±SD. Differences among the groups were analyzed by the Kruskal-Wallis test. Pairwise comparisons between groups presenting signifi cant values were evaluated with Mann-Whitney U test. Histopathologic grades of the groups were compared with one-way ANOVA and Tukey HSD test. Value of p less than 0.05 was considered statistically signifi cant.
Results
Serum TNF-α and IL-6 levels of the groups are presented in Table 1 . Serum TNF-α levels were lower in E and IPC groups compared to the sham group (p < 0.05), and higher in E+I/R group compared to E group (p < 0.05). IL-6 levels were not different among groups.
Small intestinal tissue MDA levels and MPO and SOD activities are shown in Table 2 . Intestinal I/R produced a signifi cant increase in MPO activity as compared with the sham group (p < 0.05). MPO activity was signifi cantly lower in E and IPC groups compared to I/R group (p < 0.05). In E+I/R group, MPO activity was higher compared to sham and E groups (p < 0.05). In IPC group, MPO activity was lower compared to E+I/R group (p < 0.05). MDA levels were not different among the groups. SOD activity was signifi cantly lower in I/R group compared to sham group (p < 0.05). SOD activity in IPC and IPC+I/R groups were significantly higher compared to I/R and E groups, respectively (p < 0.05).
Normal non-ischemic ileal tissue was seen in the sham group (Fig. 1A) . The damage in I/R group was found to be increased compared with the sham group (Fig. 1B) (p < 0.05). The median intestinal mucosal injury score in E+I/R group was signifi cantly lower relative to I/R group, but signifi cantly higher when compared with the sham group (Tab. 3) (p < 0.05).
Discussion
To our knowledge, this is the fi rst report investigating the effects of exercise preconditioning on oxidative stress and antioxidant status in intestinal I/R injury induced in rats. The results of the present study indicate that exercise training seems to have a protective role against intestinal I/R injury. 
Table 3. The effects of exercise on intestinal tissue injury index after ischemia-reperfusion (mean±SD).
Physical activity is considered benefi cial for preventing ischemic heart disease as well as for decreasing the cardiovascular mortality (12) . There is also increasing evidence that physical activity is associated with a decreased incidence of stroke (23) . A previous study by Quindry et al (24) showed that exercise protects heart against myocardial ischemia induced by an increase in antioxidant capacity in rats. However, it is well known that during an exercise session, blood fl ow to the splachnic region is greatly reduced because of its deviation to active skeletal musculature and skin (20) . For protection of tissues from I/R injury, defensive mechanisms such as IPC has been developed. IPC refers to one or more short periods of ischemia before prolonged I/R. It protects tissues from injury-induced I/R. It has been shown that ischemic preconditioning can protect organs against I/R injury both in cardiac and intestinal tissues (25--27) . De Lira et al (28) suggested that their exercise protocol (multiple sessions at 60-min ischemia/24-h reperfusion for 10-25-40 and 50 days) can be classifi ed as having lower intensity than the one triggered by a unique acute mesenteric artery occlusion. In this instance, the effect of exercise against gastrointestinal I/R injury is biphasic. Exercise may increase antioxidant levels in tissues (24) . Afterwards, exercise session (s) can induce effects of ischemic-preconditioning on gastrointestinal tissues (28) .
The intestinal tissue is known to be highly sensitive to I/R. Oxidative stress plays a crucial role in intestinal I/R injury. During I/R, several events take place. Activated neutrophils induce tissue damage through the production and release of reactive oxygen species and cytotoxic proteins such as MPO into extracellular fl uid. In this stage of the infl ammatory cascades, the radical-induced I/R injury is activated (1) . MPO activity is a reliable index of tissue-associated polymorphonuclear leukocyte accumulation in ileal tissue of I/R rats. In the present study, MPO activity of the intestinal tissue was signifi cantly higher in the I/R group when compared to the sham group. These fi ndings indicated that 120-min reperfusion after 45-min ischemia period was suffi cient to induce I/R injury in rats.
During ischemia-reperfusion injury, proinfl ammatory cytokines such as TNF-α, IL-1 and IL-6 are released by macrophages (29) injury. However, endurance exercise caused a decrease in serum TNF-α level (30) . In the present study, a signifi cant reduction in the serum TNF-α level was observed after 4 weeks of exercise training in rats (p < 0.05). In the E+I/R group, TNF-α level was found to be signifi cantly increased when compared with sham group, which demonstrated that the ischemia protocol was succesful. Oxygenation of ischemic tissues during reperfusion aggravates the intestinal injury due to the formation of reactive oxygen species (4). Increased concentrations of MDA indicate a degree of lipid peroxidation confi rming the oxidative damage in intestinal tissues. In experimental studies with I/R models (29, 31, 32) , MDA levels in intestinal tissue were found to be signifi cantly higher in I/R group compared to sham and treatment groups. A prior study (28) also showed that the MDA level in intestinal tissues in rats subjected to exercise tests was signifi cantly lower than that in sham group. However in our study, there was no signifi cant difference among MDA levels in rats. In consistency with our fi ndings, it has been reported that the MDA levels of ileum tissue were not altered by intestinal I/R in mice (33) . The unchanged MPO levels in the present study may depend on the analysis method. It is a common knowledge, but largely ignored, that neither the BARS assay that we used is specifi c to MDA, nor the lipid peroxidation is the only source of MDA (34) . Nevertheless, these methodological problems occur in analytical procedures in some studies.
As a fi rst step, SOD detoxifi es the superoxide anion to hydrogen peroxide (35) . The intestinal I/R injury was associated with dramatic increases in MDA level and MPO activity and decrease in SOD activity (31) . In the present study, SOD activity in the I/R group was signifi cantly lower than in the sham group (p < 0.05). SOD activity in IPC+I/R group was signifi cantly higher than in I/R group. The protective effect of exercise against I/R injury has been investigated in several studies (23, 24, 30) . The mechanisms of action of exercise on I/R injury are not clearly understood. Although there are many mechanisms suggested, the most important one is related to increased levels of antioxidants in tissues (24) . In consistency with the previous study, SOD activity in our study was found to be signifi cantly lower in I/R group compared to the sham group (31) . The activity of SOD was increased in rats that had been exposed to exercise tests for four weeks but this increase had no statistical meaning. Gastrointestinal blood fl ow decreases during exercise (20) . Moses suggested that the reason for gastrointestinal symptoms during exercise can lie in gastrointestinal ischemia (16) . Moreover, de Lira et al (28) suggested that ischemia during exercise in gastrointestinal tissues may have a similar effect just as SMA occlusion. This may mean that ischemia during exercise results in ischemic-preconditioning. In our study, SOD activity of IPC+I/R group was signifi cantly higher than that of I/R group. The ischemic preconditioning protects intestinal tissue against I/R injury by increasing the SOD activity. Our exercise protocol did not cause any signifi cant alteration in the activity of SOD in ileal tissues in E+I/R group compared with I/R group. This may depend on the intensity of exercise. In addition, in exercised group, MPO activities and MDA levels did not change after I/R. However, histopathological examination showed that exercise attenuated the degree of ischemia in ileal tissue after I/R. Our fi ndings exhibit that the protection mechanism of exercise preconditioning against intestinal I/R injury is not associated with altered MDA levels and MPO and SOD activities and also partially with IPC.
In conclusion, to our knowledge, this is the fi rst report demonstrating the effect of exercise preconditioning on intestinal I/R. Endurance exercise has a potential protective effect against intestinal I/R injury, although further studies are needed to clarify the role of exercise preconditioning regarding the prevention of intestinal I/R injury and also to observe the effects of different exercise protocols.
